Abstract. Epigenetic approaches offer additional therapeutic options, including apoptosis induction, modification of cell cycle regulating proteins and the re-expression of pharmaceutical targets, such as hormone receptors. The present study analyzed the effect of the epigenetic modifiers 5-aza-2'-deoxycytidine and Trichostatin A on the proliferative, migratory and invasive behavior of four urinary bladder cancer cell lines (RT-4, RT-112, VMCUB-1 and T-24), and the expression of various matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs). Cell proliferation, migration and invasion assays revealed that treatment with the two epigenetic modifiers resulted in proliferation inhibition in all cell lines, and migration and invasion inhibition in RT-4, RT-112 and T-24 cell lines. Quantitative polymerase chain reaction demonstrated that the mRNA expression of a broad selection of MMPs and their TIMPs was induced in all cell lines, and MMP-14 mRNA expression was suppressed in all cell lines, with the exception of RT-4. In conclusion, epigenetic modifications suppressed the motility and invasiveness of three out of four urothelial cancer cell lines. The inhibitory effect on cell motility appears to be crucial for reduced invasive properties. However, even a broad spectrum of mRNA analysis does not sufficiently explain the loss of invasiveness, as it does not allow for functional conclusions. Further complex urothelial tumour models should be applied to investigate whether epigenetic therapeutic approaches may be an option in urothelial cancer.
Introduction
Epigenetic modifications affect gene expression without altering the DNA structure. DNA methylation and histone acetylation, or methylation, are two of the most important mechanisms. Epigenetic gene expression modulation is an aspect of physiological development, and its dysregulation is involved in carcinogenesis (1) . In myelodysplastic syndromes and acute myeloid leukemia, epigenetic modifiers are used in routine therapy (2, 3) , and such approaches are becoming popular treatment options for solid tumours (4) . Epidermal growth factor receptor is downregulated by epigenetic modifications, and the re-expressed receptor after treatment with, for example, hypomethylating agents is a potential therapeutic target leading to cell death (5, 6) . Several studies have demonstrated the growth-inhibiting effect of Trichostatin A (TSA) on carcinomas (7, 8) . Vigushin et al (7) described histone hyperacetylation of histone H4, thereby inhibiting proliferation in breast cancer cell lines following TSA treatment. Ailenberg and Silverman (8) described apoptosis induction in tumour cells following TSA treatment, which restored the expression of cell-cycle-controlling genes.
The compound 5-aza-2'-deoxycytidine (aza) is a cytosin analogue, which can be integrated into newly synthesised DNA strands. Aza irreversibly binds and inhibits DNA (cytosine-5)-methyltransferase 1 (DNMT1), which transfers methylation patterns to newly synthesised DNA. Loss of DNMT1 activity therefore leads to a loss of methylation during the next cell cycles and the re-expression of specific genes (9) . Methylation inhibition of CpG islands of the estrogen receptor leads to its downregulation, and treatment with aza restores estrogen receptor expression (10) . This principle has been demonstrated for numerous other genes, including e-cadherin in ovarian cancer (11) or tissue inhibitor of matrixmetalloproteinase (TIMP)-3 in gastric cancer (12) .
Urothelial cancer develops from a preinvasive stage into an invasive cancer capable of developing metastasis. Matrix metalloproteinases (MMPs) are key molecules in extracellular remodelling, and are most likely to be important for the step from non-invasive to invasive urothelial cancer (13) . MMP-9 was previously shown to be upregulated in invasive cancer compared with superficial bladder carcinomas (13) . Furthermore, certain studies have shown that the increased expression of MMP-9 and TIMP-2 is associated with an increased recurrence rate of superficial bladder cancer (14) . Depending on the grade of differentiation and stage, urothelial cancer may be treated by local chemo-or immunotherapy (15). However, intravesical treatment, either by instillation of Mitomycin C or intravesical immunotherapy by induction of an inflammation with Bacillus Calmette-Guérin (BCG), holds the potential of severe adverse effects, including severe urocystitis or even systemic BCG infections (16, 17) . Epigenetic approaches may offer potential therapeutic options for urothelial cancer. Nevertheless, such modifiers also indirectly affect the expression of genes, which are not under the influence of CpG islands in their promoter regions.
The present study analyzed the effect of the epigenetic modifiers aza and TSA on the proliferation, migration and invasion of four biologically different human urinary bladder cancer cell lines (RT-4, RT-112, VMCUB-1, T-24). In addition, the mRNA expression of various MMPs, TIMPs and extracellular matrix metalloproteinase inducer (EMMPRIN) was analyzed in the four cell lines following aza and TSA treatment.
Materials and methods
Cell culture. Human urinary bladder transitional cell papilloma RT-4 and human urinary bladder transitional cell carcinoma RT-112 (low-grade), VMCUB-1 and T-24 (high grade) cell lines were obtained from the German Collection of Cell Cultures and Microorganisms (Braunschweig, Germany). They were cultivated in Dulbecco's modified Eagle's medium (GE Healthcare, Chalfont, UK), supplemented with 10% foetal calf serum, 1% penicillin/streptomycin and 1% L-glutamine (all Sigma-Aldrich Chemie Gmbh, Munich, Germany) in a humidified incubator at 37˚C with 5% CO 2 .
Tumour doubling time. To calculate the tumour doubling time, 10 5 cells were seeded in a 25-cm 2 flask and cell density was counted after 24 and 48 h.
Cell proliferation and treatment with epigenetic modifiers.
All measurements were performed in triplicate in three independent experiments. In total, 5,000 tumour cells were seeded per well in 200 µl cell culture medium, and cultivated for 24 h. For sole treatment with aza, cells were treated with 10 µMol aza for an additional 48 h. For sole treatment with TSA, cells were stimulated with 200 nMol TSA for 24 h. For combined treatment, cells were sequentially stimulated with 10 µMol aza for 24 h, after which, 200 nMol TSA was added for an additional 24 h. After stimulation, cell cultures were labelled for a further 14 h with bromodeoxyuridine (BrdU) at a final concentra tion of 10 µMol. Proliferation analysis was performed using a BrdU-Cell Proliferation ELISA (Roche Diagnostics GmbH, Penzberg, Germany), according to the manufacturer's protocol. Absorbance was measured using a microplate reader (BioRad Laboratories, Inc., Hercules, CA, USA) at 450 nm (control wavelength 655 nm).
Cell migration and invasion. Cell migration was analyzed using microwell inserts (pore size, 8- Table I ); followed by elongation for 30 sec at 95˚C. Primer sequences were synthesized by Eurofins Genomics (Ebersberg, Germany) and are listed in Table I . All experiments were performed in triplicate, and specific reverse transcription-PCR measurements were performed in duplicate. The specificity of the PCR reaction was proven by melting point analysis and agarose gel electrophoresis. Expression values were calculated with reference to porphobilinogen deaminase gene expression using the ∆∆Cq method (∆∆Cq = ∆∆Cq treated -∆∆Cq untreated control) and the equation y = 2 -∆∆Cq (18) .
Statistical analysis. Statistical significance was calculated using Student's t-test. Post hoc comparisons were made by the Bonferroni test for repeated measurements. P<0.05 was considered to indicate a statistically significant difference. All tests were performed using GraphPad Prism version 4 software (GraphPad Software Inc., La Jolla, CA, USA).
Results
Antiproliferative effects of epigenetic modifiers. The calculation of the tumour doubling time of unstimulated cell lines revealed a doubling time of 41.6 h for cell line RT-4, 15.9 h for RT-112, 11.3 h for VMCUB-1 and 9 h for T-24.
In cell lines RT-112 (P=0.008), VMCUB-1 (P=0.035) and T-24 (P=0.050) only combined aza and TSA treatment resulted in a significantly reduced proliferation compared with untreated controls. By contrast, the proliferation of RT-4 cells was significantly suppressed by treatment with TSA (P= 0.009) or aza treatment alone (P=0.049), and the TSA and aza combination treatment (P=0.009) (Fig. 1) .
Migration inhibition by epigenetic modifiers. Migration was significantly inhibited by combined treatment of aza and TSA in the low grade RT-4 (P=0.004) and RT-112 (P=0.004) cell lines, and slightly less inhibited in the high grade T-24 cell line (P=0.045). No significant difference was observed for VMCUB-1 cells (P=0.092) (Fig. 2) .
Invasion inhibition by epigenetic modifiers. Cell invasion was significantly inhibited by combined treatment of aza and TSA in the low grade RT-4 (P=0.001) and RT-112 (P=0.044) cell lines, and the high grade T-24 cell line (P=0.013). No significant difference was observed in VMCUB-1 cells (P=0.552) (Fig. 3) .
Effects of epigenetic modifiers on MMP, TIMP and EMMPRIN mRNA expression.
Overall. All data regarding smRNA expression levels and the effect of epigenetic modifiers are summarized in Fig. 4 and Table II. EMMPRIN expression. TSA and aza induced a significant mRNA increase in the low-grade RT-4 (P=0.0254) and RT-112 (P=0.0193) cell lines. This induction was nearly significant in VMCUB-1 (P=0.0618) and T-24 (P=0.0518) cells. was expressed only at a very low level. All P-values are provided in Table II . Gelatinases. MMP-9 mRNA was not detected in the cell lines. By contrast to a significant mRNA suppression in RT-112 cells (P=0.0206), MMP-2 mRNA expression was not altered in RT-4 cells (P=0.7801). MMP-2 mRNA expression was clearly induced in the high-grade cell lines at a low level (VMCUB-1, P=0.0002; T-24, P<0.0001).
Collagenases. MMP-1 was induced significantly in all cell lines. MMP-8 mRNA increased from a low level. In all four cell lines, MMP-13 mRNA expression increased significantly from a high base level. All P-values are provided in Table II .
Stromelysins. MMP-3 mRNA was expressed in high-grade VMCUB-1 and T-24 cell lines at a high level, in contrast to RT-4 and RT-112 cell lines. However, only RT-4 and T-24 cells upregulated MMP-3 mRNA significantly (P=0.0001 and P=0.0006, respectively). The same result was observed for MMP-10 and MMP-11 mRNA, with the exception of MMP-11 in the T-24 cell line (Table II) . Table II .
Discussion
Epigenetics may offer additional treatment options for solid malignancies. The present study analyzed the effects of the histone deacetylase inhibitor Trichostatin A (TSA) and the DNA methyltransferase inhibitor 5-aza-2'-deoxycytidine (aza) on proliferation, migration and invasion of four urothelial cancer cell lines with various proliferation characteristics. In addition, the present study analyzed the mRNA expression of a broad panel of MMPs, TIMPs and EMMPRIN following TSA and aza treatment.
For optimum treatment, the two inhibitors were combined and this treatment combination exhibited the strongest antiproliferative effects in all cell lines. This has already been reported by Karam et al (19) in urothelial carcinoma cell lines and Cecconi et al (20) in an endocrine pancreatic carcinoma cell line. The effect of the inhibitors may be associated with the re-expression of cell cycle regulatory proteins and the activation of key genes of the apoptotic cascade (21) . In the present study, treatment with aza and TSA combination on the low-proliferating RT-4 cell line resulted in clear antiproliferative effects. This may be due to the switch-off of additional cell-cycle-promoting proteins or the switch-on of cell-cycle-controlling proteins. The requirement of a combined epigenetic modification, leading to a decreased proliferation in the other cell lines (RT-112, VMCUB-1 and T-24), suggests that there are pre-existing structural gene alterations of cell Table II cycle promoting or controlling proteins, whose effects are affected by combined TSA and aza treatment.
Cell lines, P-value
Invasiveness is a complex function of migration and extracellular matrix remodelling. As summarized in Fig. 4 aza/TSA-treatment stimulated the expression of the majority of MMPs and TIMPs. Sato et al (22) observed increased invasiveness in pancreatic cancer cells and an induction of MMP-1, -2, -3, -7, -9 and -14 following aza treatment. In contrast to the other cell lines, in RT112 cells, aza/TSA-treatment suppressed MMP-2 and MMP-28 mRNA expression. Shukeir et al (23) identified a decreased MMP 2 expression triggered by gene methylation in highly invasive prostate cancer cell lines. Couillard et al (21) described an increased MMP-3 expression in colon cancer cell lines following demethylating treatment with aza. However, in that study MMP-10 expression was not affected by aza treatment. Furthermore, in B-cell lymphoma cells a MMP-10 induction, but not a MMP-3 induction, was observed (21). Chen et al (24) described a clear inhibitory effect on the invasiveness of bladder cancer cells treated with the histone deacetylase inhibitor valproic acid; however, inhibition of migration was not observed. Since, epigenetic modifiers induce antiproliferative effects, it is necessary to dissect antiproliferative from anti-migratory and anti-invasive effects. Therefore, the present study corrected migration and invasion assays against antiproliferative effects. With the exception of VMCUB-1 cells, a significant inhibition in migration and invasion was observed in all cell lines, and VMCUB-1 cells exhibited a trend towards reduced invasion. These various, somewhat contradictory, results suggest an epigenetic effect on the invasiveness and migratory behavior in a cell-or tissue-specific manner.
In the present study, MMP-14 suppression by aza/TSA treatment was a constant effect in all tested cell lines. MMP-14, also known as MT1-MMP, and TIMP-2 form an activating complex with proMMP-2 on the cell surface (25) . As shown by qPCR in the present study, MMP-14 mRNA expression was suppressed, possibly resulting in a reduction of activating complexes. Selective inhibition of MMP-14 is capable of blocking invasion and tumour growth (26) . Itoh and Seiki (27) underlined the essential role of MMP-14 in the regulation of invasion and migration in tumour cells via homodimerization on the cell surface for pericellular collagenolysis, a mechanism that has also been identified for the collagenase MMP-13 (28) . Notably, MMP-13 was significantly induced in all cell lines in the present study following treatment with aza and TSA combination. Therefore, the reduction in invasion and migration in the present experiments may be explained by the inhibition of MMP-14 expression. Kitagawa et al (29) found that the mRNA of MMP-14 and MMP-15 was significantly overexpressed in urothelial carcinoma in comparison with normal mucosa. High mRNA expression of the two MMPs was associated with multilocular tumours (29) . In contrast, mRNA expression of MMP-16, which is also a proMMP-2 activator, was detected at a much lower level without any particular association (29) . In the present study, MMP-16 was significantly stimulated in the low grade cell lines RT-4 and RT-112. In contrast, this MMP-16 mRNA expression was suppressed in the high grade cell lines VMCUB-1 and T-24. In colorectal cancer and cancer cell lines, MMP-16 promoter hypermethylation was reported to be associated with a decreased mRNA expression (30) . Treatment with 5-aza 2'-deoxycytidine restored this mRNA expression in colorectal cancer cell lines (30) . Knockdown of mRNA expression was associated with cell migration, re-expression and overexpression of genes and proteins, with reduced migration (30) . These observations confirm the findings from the present study regarding mRNA expression of MMP-16 in the low grade urothelial cancer cell lines, RT-4 and RT-112, but are in contrast to the findings of the present study that regard migration and the effects in the high grade cell lines, VMCUB-1 and T-24. Therefore, it is likely that regulatory pathways are more complex. Furthermore, Moon et al (30) did not consider the potential anti-proliferative effects of aza treatment. TIMP proteins are genuine inhibitors of MMPs, but they also perform additional functions. TIMP-3 overexpression is associated with the induction of apoptosis (31, 32) , while TIMP-1 and TIMP-2 protect B cells and melanoma cells, respectively, from apoptosis (33) . In the present study, TIMP mRNA expression was increased in all cell lines. An alteration in the MMP/TIMP ratio towards TIMPs and suppression of MMP-14, coupled with inhibited migratory properties, may be essential for the observed reduced invasiveness of RT-4, RT-112 and T-24 cell lines. In VMCUB-1 cells, no effects on migration and invasion were observed; therefore, other extracellular matrix remodelling proteinases, including urokinase and plasminogen activator-1, may be of importance in this cell line.
In conclusion, the present study revealed that the epigenetic modifications of aza and TSA suppressed the motility and invasiveness of three out of four urothelial cancer cell lines. The inhibitory effect on cell motility appears to be crucial for reduced invasive properties. However, even a broad spectrum mRNA analysis of the MMP/TIMP axis does not sufficiently explain the loss of invasiveness, since it leaves no scope for functional conclusions, such as the homodimerization of MMP-14 or MMP-13. Further complex urothelial tumour models should be applied to investigate whether epigenetic therapeutic approaches may be used in urothelial cancer.
